A.A.A.); adlyamr@gmail.com (A.A.A.) * Correspondence: tamer.m.abdo@gmail.com
Introduction
It is well known that automotive shock absorbers represent the main part of suspension systems responsible for reducing effects of road bumps and, consequently, isolating the frame of the vehicle from driveway disturbances. It turns out that traditionally employed shock absorbers are comprised of hydraulic cylinders, where smoothing bump effects result in heat generation. This fact in addition to the potential of viscous fluid leakage represents an environmental hazard.
In the past years, electromagnetic suspension systems (EMSs) emerged as an alternative to conventional hydraulic shock absorbers. Common EMSs are either categorized as tubular electromagnetic actuator systems or eddy current systems. Both exhibit smaller response time and wider effective bandwidth in comparison to conventional hydraulic shock absorber systems. For the case of eddy current EMSs, eddy currents due to permanent magnets are induced in the moving part of the EMS and, consequently, an opposing electromagnetic force proportional to the vertical motion velocity is created. This action replicates that of a viscous damper. It should be mentioned here that the application of an eddy currents damping effect has been previously investigated for the purpose of magnetic braking and vibration attenuation in mechanical structures [1] [2] [3] [4] [5] [6] .
Several efforts have been recently carried out to analyze as well as optimize EMS configurations (see, for instance, [7] ). Examples include the investigation of a dynamic model for an eddy current damper (ECD) in [8] and the formulation of an improved and more accurate theoretical model of ECD system in [9] . Moreover, novel ECD configurations have been also introduced recently [10] [11] [12] [13] [14] [15] [16] . Those studies clearly highlight the main advantages of ECDs. Such advantages include the lack of need of any power source, reliability, durability, and environmentally non-hazardous. The effect of inserting aluminum layer around the iron actuator was studied in [17] . It was found that the aluminum layer increases the damping force while decreasing the weight of the damper. Furthermore, an optimum thickness for the aluminum layer that produces the best performance has been reached.
In this paper, a model is developed for a proposed eddy current damper using finite element analysis. Several damper configurations are studied and its characteristics are analyzed. The steady state performance for the configurations is compared to reach a design with an acceptable performance for the eddy current damper. The damping force magnitude for the several proposed designs is examined. The steady state performance of the damper designs was also discussed. It was found that the best two designs to achieve the targeted performance were to have an iron core damper or an iron core with an aluminum sleeve. Those two designs are economical and simple while achieving acceptable performance when compared to traditional dampers and other electromagnetic damping systems.
Materials and Methods

Construction and Materials
The components of the traditional shock absorber are the spring and the hydraulic damper, this passive suspension system keeps the car balanced by converting the kinetic energy gained by disturbance into heat due to the internal pressurized oil passing through orifices [18] . In the proposed model the eddy current damper will be added to the traditional damper, giving higher damping force and better suspension performance. Figure 1 shows the construction of the eddy current damper with the four configurations studied. The first configuration is with six magnets with an iron actuator with no aluminum sleeve, the second one an aluminum sleeve is inserted around the iron actuator, the third one the six magnets are divided into two groups with reversed polarity, while the fourth configuration is with four magnets. The permanent magnets axially-magnetized are fixed to the stator. The NdFeB kind is used due to its high magnetic flux density in addition to its low mass. The four models' dimensions are listed in Table 1 . Those studies clearly highlight the main advantages of ECDs. Such advantages include the lack of need of any power source, reliability, durability, and environmentally non-hazardous. The effect of inserting aluminum layer around the iron actuator was studied in [17] . It was found that the aluminum layer increases the damping force while decreasing the weight of the damper. Furthermore, an optimum thickness for the aluminum layer that produces the best performance has been reached. In this paper, a model is developed for a proposed eddy current damper using finite element analysis. Several damper configurations are studied and its characteristics are analyzed. The steady state performance for the configurations is compared to reach a design with an acceptable performance for the eddy current damper. The damping force magnitude for the several proposed designs is examined. The steady state performance of the damper designs was also discussed. It was found that the best two designs to achieve the targeted performance were to have an iron core damper or an iron core with an aluminum sleeve. Those two designs are economical and simple while achieving acceptable performance when compared to traditional dampers and other electromagnetic damping systems.
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The components of the traditional shock absorber are the spring and the hydraulic damper, this passive suspension system keeps the car balanced by converting the kinetic energy gained by disturbance into heat due to the internal pressurized oil passing through orifices [18] . In the proposed model the eddy current damper will be added to the traditional damper, giving higher damping force and better suspension performance. Figure 1 shows the construction of the eddy current damper with the four configurations studied. The first configuration is with six magnets with an iron actuator with no aluminum sleeve, the second one an aluminum sleeve is inserted around the iron actuator, the third one the six magnets are divided into two groups with reversed polarity, while the fourth configuration is with four magnets. The permanent magnets axially-magnetized are fixed to the stator. The NdFeB kind is used due to its high magnetic flux density in addition to its low mass. The four models' dimensions are listed in Table 1 . 
Electromagnetic Simulation of ECD
To attain the best design parameters, the system should be analyzed using finite element modeling (FEM). A 2D axisymmetric model was analyzed by using a simulation software package.
As shown in Equation (1), the induced current density (J) depends on three factors, first conductivity of medium (σ), second the relative vertical velocity between the stator and the actuator (ν), and the flux density (B). Thus, a higher relative velocity results in more intense induced eddy currents. The interaction between the induced current density and the magnetic flux density will produce Lorentz force F act , which will act as a damping force [10] .
where V is the medium volume. It can be seen from Equation (2) that the damping force increases as the quantities (J) and (B) increase. According to Lenz's rule, the magnetic field produced from the induced eddy current will oppose the change in the original field which causes it. Thus the induced field will oppose the direction of motion of the actuator and acts as linear viscous damper [11] .
Quarter-Car Model
The quarter-car model is considered a good representation for the vehicle suspension system. The full-car model is more accurate to evaluate the performance of the suspension system; however, the quarter-car model will be used for simplicity also it allows to compare between the behavior of the system before the effect of the eddy current damper and after modification [19, 20] . As shown in Figure 2 , there are two vertical degrees of freedom for sprung and un-sprung masses (m 1 , m 2 ). The model parameters are listed in Table 2 . Through the quarter-car model the suspension system could be expressed by the following equations:
Equations (3) and (4) may be solved considering that the system was subjected to a step road disturbance. It should be noted that the road disturbance could be step or gradual, but the step disturbance was chosen since it causes the most extreme disturbance. The system was modelled using Matlab as shown in Figure 3 . Table 2 shows the input parameter for the system. In order to show the effect of the eddy current damper on the suspension system, a Simulink model was used to Through the quarter-car model the suspension system could be expressed by the following equations:
Equations (3) and (4) may be solved considering that the system was subjected to a step road disturbance. It should be noted that the road disturbance could be step or gradual, but the step disturbance was chosen since it causes the most extreme disturbance. The system was modelled using Matlab as shown in Figure 3 . Table 2 shows the input parameter for the system. In order to show the effect of the eddy current damper on the suspension system, a Simulink model was used to solve the equations without the ECD force, then it was solved again after adding the term (F act ) which represent the added damping force. The system dynamic behavior in the two cases, for the four configurations, will be compared to show the improvement that happened in the system response, which leads to more car balance and more comfort ride. Through the quarter-car model the suspension system could be expressed by the following equations:
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Results
Force Calculations from the FEM Model
In order to obtain the performance of the ECD, the average force at each velocity is calculated from the FEM model. A relation between the force and the velocity is then obtained. As previously explained, the force depends on the magnetic flux density and the induced eddy currents. 
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In order to obtain the performance of the ECD, the average force at each velocity is calculated from the FEM model. A relation between the force and the velocity is then obtained. As previously explained, the force depends on the magnetic flux density and the induced eddy currents. Figures 4-7 show the magnetic flux density and the induced current density for the four models at a linear speed of 1 m/s. It can be observed from the figures that while the magnetic flux density is high in model I due to the absence of the aluminum layer, the induced current density is relatively low due to the low conductivity of iron compared to aluminum. In model II, the presence of the aluminum layer increased the induced current density, which will reflect in an increased damping force. In model III, the induced current density is low and non-uniform on the actuator resulting in a lower damping force. Furthermore, the induced current density is also low in model IV since the number of magnets is reduced. Figure 8 shows the damping force profile for the four configuration. It can be observed that the highest damping force is exerted in models I and II. Using curve fitting, the four above relations were expressed as third degree polynomials and were inserted in the Simulink model to obtain the response of the quarter-car model to a step road disturbance. It can be observed from the figures that while the magnetic flux density is high in model I due to the absence of the aluminum layer, the induced current density is relatively low due to the low conductivity of iron compared to aluminum. In model II, the presence of the aluminum layer increased the induced current density, which will reflect in an increased damping force. In model III, the induced current density is low and non-uniform on the actuator resulting in a lower damping force. Furthermore, the induced current density is also low in model IV since the number of magnets is reduced. Figure 8 shows the damping force profile for the four configuration. It can be observed that the highest damping force is exerted in models I and II. Using curve fitting, the four above relations were expressed as third degree polynomials and were inserted in the Simulink model to obtain the response of the quarter-car model to a step road disturbance. It can be observed from the figures that while the magnetic flux density is high in model I due to the absence of the aluminum layer, the induced current density is relatively low due to the low conductivity of iron compared to aluminum. In model II, the presence of the aluminum layer increased the induced current density, which will reflect in an increased damping force. In model III, the induced current density is low and non-uniform on the actuator resulting in a lower damping force. Furthermore, the induced current density is also low in model IV since the number of magnets is reduced. Figure 8 shows the damping force profile for the four configuration. It can be observed that the highest damping force is exerted in models I and II. Using curve fitting, the four above relations were expressed as third degree polynomials and were inserted in the Simulink model to obtain the response of the quarter-car model to a step road disturbance. 
Quarter-Car Model Response
Figures 9-11 shows the dynamic response for the quarter-car model with no ECD compared with the different ECD models that were proposed. 
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It can be noticed that Models I and II provide an acceptable response compared to the other models. Both designs gave a similar displacement response after facing a step disturbance. For Models I and II, the vehicle was restored to a steady-state in less than 10 s, while the two other models took 2 to 3 s longer to reach a steady-state. Additionally, the maximum overshoot for Models I and II is less than Models III and IV, which provides a more comfortable first response to the road disturbance. It can be noticed that Models I and II provide an acceptable response compared to the other models. Both designs gave a similar displacement response after facing a step disturbance. For Models I and II, the vehicle was restored to a steady-state in less than 10 s, while the two other models took 2 to 3 s longer to reach a steady-state. Additionally, the maximum overshoot for Models I and II is less than Models III and IV, which provides a more comfortable first response to the road disturbance.
Discussion
If we compared the best two models with the traditional hydraulic damper, it can be found that Model II, which has the aluminum sleeve, is preferable due to lower weight, thus lower cost. The comparison is shown in Table 3 . It can be noticed that Models I and II provide an acceptable response compared to the other models. Both designs gave a similar displacement response after facing a step disturbance. For Models I and II, the vehicle was restored to a steady-state in less than 10 s, while the two other models took 2 to 3 s longer to reach a steady-state. Additionally, the maximum overshoot for Models I and II is less than Models III and IV, which provides a more comfortable first response to the road disturbance.
If we compared the best two models with the traditional hydraulic damper, it can be found that Model II, which has the aluminum sleeve, is preferable due to lower weight, thus lower cost. The comparison is shown in Table 3 . 
Conclusions
This paper studied the performance of an eddy current damper for four different models using finite element analysis. It was found that the design with the most acceptable performance and the most economical design, is the one with an aluminum sleeve around its iron actuator. The steady state response at different cases were examined. The best design was evaluated at different frequencies.
The proposed system is economical and simple compared to other electromagnetic damping systems.
